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1 INTRODUCTION

Can far-IR action spectroscopy combined with BOMD simulations be

conformation selective?

Jérôme Mahé,a† Sander Jaeqx,b† Anouk M. Rijs,∗b and Marie-Pierre Gaigeot∗ac

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X

DOI: 10.1039/b000000x

The combination of conformation selective far-IR/UV double resonance spectroscopy with Born Oppenheimer Molecular Dy-

namics (BOMD) simulations is presented here for the structural characterization of the Ac-Phe-Pro-NH2 peptide in the far-

infrared spectral domain, i.e. for radiation below 800 cm−1. Two conformers have been shown to be present in the experiment,

namely a conformer with a γ-turn fold (C7 interaction) and a β -turn fold (C10 interaction). The combined experimental and

theoretical work presented here aims to provide spectral features typical of each conformer in this far-IR domain. The simulated

BOMD far-IR spectra agree well with the experimental spectra and allow direct assignment of the observed bands. These assign-

ments show that the 400-550 cm−1 spectral domain is conformer selective, allowing to distinguish the H-Bond signature of the

γ-turn from the β -turn.

1 Introduction

Understanding the forces that govern the complex protein

folding process is one of the holy grails in modern biophys-

ical science1. One way to obtain insights in this process is

to study the folding propensities of small isolated peptides

by observing the emergence of secondary structures through

intramolecular hydrogen bonding2. Conformation-selective

mid-IR spectroscopy in combination with harmonic density

functional theory (DFT) calculations has proven to be a pow-

erful tool to this end, and is nowadays applied on a routine-

basis3–6. The far-IR region (radiation < 800 cm−1) has often

been ignored, due to the possible deficiencies of theoretical

tools needed to interpret the experimental spectra in this do-

main7–9. This far-IR regime not only complements the mid-

IR one, but also yields information that is not accessible in

the mid-IR. The mid-IR region mostly probes localized struc-

tural information, due to the localized character of the vibra-

tions found in this region, such as the structurally diagnostic

amide A (NH stretch vibration), Amide I (C=O stretch vibra-

tion) and Amide II (NH in-plane-bending vibration) modes of

peptides. On the other hand, the far-IR region is character-

ized by large-scale delocalized vibrations. These vibrations

are expected to contain detailed structural information on the
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overall structure and are therefore directly diagnostic to vari-

ous backbone conformations10–12. Since these vibrations of-

ten extend over a large part of the peptide backbone, such

delocalized modes are also expected to be important for the

dynamical and flexible nature of proteins13. Additionally, in-

trinsic hydrogen bond vibrations can be directly probed in the

far-IR region14,15, as previously shown for condensed phase

systems using low-frequency FTIR spectroscopy16,17. In con-

trast, the mid-IR region can indirectly probe hydrogen bonds

through frequency shifts of the Amide vibrations. One more

advantage of far-IR probing is the possibility to probe larger

and more complex molecules. For such molecular systems,

the mid-IR region is often spectrally congested due to many

overlapping Amide bands and thereby limiting the conforma-

tional assigment to families rather than to one specific con-

formation4,18,19. In these cases the far-IR spectra often still

show resolved absorption bands. This is a consequence of the

bandwidth of the free electron laser used in these experiments,

which is proportional to the output photon energy20.

Synergy between experiments and theoretical calculations

is essential to obtain structural information from these low-

frequency motions. Static harmonic DFT calculations are

known to be insufficient to achieve this task. In a previously

published paper21, we have shown that Born-Oppenheimer

Molecular Dynamics (BOMD) is able to reproduce the far-IR

absorption spectra of gas phase peptides, and can therefore be

employed to obtain structural information from the far-IR ab-

sorption region of peptides. This combination is able to distin-

guish between subtle differences in peptide conformations, su-

perior to static DFT calculations in combination with mid-IR

spectroscopy. For example, far-IR spectroscopy coupled with
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2 METHODS

BOMD simulations could differentiate the axial and equatorial

forms of the γ-turn interaction in Ac-Phe-Gly-NH2, which was

not possible with mid-IR spectroscopy and static (harmonic)

DFT calculations22,23. As will be described in the present

paper, BOMD simulations take the anharmonic character of

the delocalized vibrations directly into account, providing re-

liable spectroscopic predictions, vibrational assignments and

structural interpretations. The combination between experi-

ment and theory provides direct insight in the nature of the

low frequency motions.

Apart from our developped far-IR set-up for the investi-

gation of neutral gas phase peptides using the FELIX Free

Electron Laser21, such spectroscopy has been developped in

the Havenith group with investigations specifically focused on

the probing of the solvation of biomolecules, see for instance

refs.24–26. In the groups of Plusquellic and Markelz, terahertz

studies are performed on condensed phase biological systems,

from simple amino acids to complete proteins.10,14 Far-IR

spectra of tagged gas phase ionic clusters have also been ob-

tained by the Asmis group in Berlin, see their review27. Pro-

tonated clusters and ionic clusters of atmospherical interest

have mainly been investigated with this technique. Lastly, far-

IR studies are employed to study the structural properties of

metal clusters28.

As yet, the far-IR part of the absorption spectrum of gas

phase peptides is in many aspects uncharted territory. To iden-

tify the functional vibrations and distinguish them from other

bands in the spectrum demands a large understanding of the

low frequency modes. We have started such mapping in ref.21

by combining far-IR experiments and BOMD simulations, and

we continue this approach here with Ac-Phe-Pro-NH2 to as-

sess the conformation selectivity capabilities of our approach.

Previous experiments on Ac-Phe-Pro-NH2 performed in the 3

micron region (probing the NH stretch vibrations) by Mons et

al.29 have shown that the backbone of this peptide can fold ei-

ther via a β -turn (the backbone adopts a C10 interaction, with

an unusual cis conformation for the Phe-Pro peptide bond)

or a γ-turn (the backbone exhibits a C5 and C7 interaction).

These two conformations co-exist in the molecular beam ex-

pansion experiments. Choosing this specific peptide allows us

to directly observe the difference between backbone folding,

here between the C10 and C7 interactions, in far-IR patterns.

In that respect, going from Ac-Phe-Gly-NH2 and Ac-Phe-

Ala-NH2 (previous work21, axial and equatorial C7 γ-turns),

to Ac-Phe-Pro-NH2 (present work, C7/C10 H-Bond folding),

provides the opportunity to probe different structural motifs

which signatures are identified through far-IR and BOMD vi-

brational spectroscopy.

2 Methods

2.1 Experimental details

Ac-Phe-Pro-NH2 (95 % purity) was purchased from Genecust

(Dudelange, Luxembourg) and used without further purifica-

tion. Here, the experimental set-up is briefly described. A

complete description of the set-up is described elsewhere30.

The sample was mixed with graphite powder and applied on

a solid graphite bar. A pulsed YAG laser operating at 1064

nm (Polaris Pulsed Nd:YAG Laser, NewWave Research) with

a pulse energy of about 1.5 mJ was used to desorb the sam-

ple molecules from the graphite substrate as intact neutral

molecules. The gas-phase molecules are entrained in a super-

sonic molecular beam of argon, produced by a pulsed valve

(Jordan) and a backing pressure of 3 bar of Argon. In the

molecular beam, the peptide molecules are cooled towards

their rotational and vibrational ground state31. The molecu-

lar beam travels through a skimmer about 10 cm downstream

to enter a differentially pumped chamber equiped with a re-

flectron time-of-flight mass spectrometer. Here, the molecules

interact with a UV beam produced by a pulsed Nd:YAG laser

(either Innolas GmbH Spitlight 1200 or Quanta-Ray Lab Se-

ries) coupled to a frequency doubled dye laser (Radiant Dyes

NarrowScan, laser dye: coumarin 153). The UV laser was

operated at 10 Hz with typical pulse energies of 1 - 2 mJ. The

molecules are 2-photon ionized via a one color (1 + 1) REMPI

scheme. Conformation selection is achieved by fixing the UV

laser at a specific S1 ← S0 transition. Since different confor-

mations have a slightly different electronically excited state

energy, they will therefore appear as different peaks in the UV

excitation spectrum. The generated ions are accelerated into

the time-of-flight tube, and reflected into the detector.

For the IR-UV double resonance spectra, the IR and UV

beams were spatially overlapped, but the IR pulse precedes

the UV pulse by∼200 ns. The IR radiation is produced by the

Free Electron Laser for Infrared eXperiments (FELIX) located

at the FELIX laboratory at the Radboud University20. The fre-

quency of the UV probe pulse is fixed on a transition produc-

ing a constant ion signal. For the γ-turn conformation the UV

laser was set at 37435.5 cm−1, while at 37409 cm−1for the

β -turn conformer (see Figure SI-1 of the supporting informa-

tion). Whenever the IR hole-burn laser excites a transition that

shares the same ground state as the probe laser (and thus is the

same conformation), a dip in the ion signal is observed since

the ground state is depleted by the IR laser. An IR absorption

spectrum of a single conformer can thus be constructed by tak-

ing the logarithm of the ion signal without the IR pulse divided

by the ion signal with IR pulse. To correct for long-term UV

power drifts and changing source conditions, alternating IR-

on and IR-off signals are measured by operating the IR laser

at 5 Hz and the UV laser at 10 Hz. Since the experiments are

2
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2 METHODS 2.2 Theoretical details

performed over a very wide frequency range, the IR laser in-

tensity needs to be corrected for the photon energy. A photon

flux resulting in a 1 mJ pulse energy at 1000 cm−1 is equal to

a photon flux resulting in a 0.1 mJ pulse energy at 100 cm−1,

assuming that the laser pulse profile is identical at the two pho-

ton energies. Therefore, the observed absorption intensities

are multiplied with the photon energy (in wavenumbers) and

renormalized to correct for this effect.

2.2 Theoretical details

Our theoretical methodology consists in DFT-based molec-

ular dynamics simulations, performed within the Born-

Oppenheimer (BOMD) framework using the CP2K pack-

age32,33. The methods and algorithms employed in the CP2K

package are described in detail in ref.32. In our dynamics, the

nuclei are treated classically and the electrons quantum me-

chanically within the DFT formalism. Dynamics consist of

solving Newton’s equations of motion at a finite temperature,

with the forces that act on the nuclei derived from the Kohn-

Sham energy. In BOMD, the Schrödinger equation for the

electronic configuration of the system is solved at each time

step of the dynamics. Mixed plane waves and gaussian basis

sets are used in CP2K. Only the valence electrons are taken

into account and pseudo-potentials of the Goedecker-Tetter-

Hutter (GTH) form are used34–36. We use the Becke, Lee,

Yang and Parr (BLYP) gradient-corrected functional37,38 for

the exchange and correlation terms. Dispersion interactions

have been included with the Grimme D3 corrections39. Cal-

culations are restricted to the Γ point of the Brillouin zone. We

employed plane-wave basis sets with a kinetic energy cut-off

of 450 Ry and gaussian basis sets of aug-TZV2P type. The

cubic box size is 20 Å length. The kinetic energy cut-off, ba-

sis set size and cubic box size have been selected subsequent

to energy convergence tests.

The first 3 ps of the trajectory was used for the thermali-

sation of the system with temperature control through veloc-

ity rescaling. Hereafter, pure NVE trajectories were accumu-

lated over 20 ps for the IR spectra calculations and trajectory

analyses. Periodic boundary conditions were applied (neutral

molecule). The time step in the simulations is 0.4 fs. The

temperature of the trajectories was 48±4 K and 53±5 K, re-

spectively for the γ-turn and β -turn conformers.

Within statistical mechanics and Linear Response The-

ory40,41, an infrared spectrum can be calculated by the Fourier

Transform of the time correlation function of the fluctuating

dipole moment vector of the absorbing molecular system:

I (ω) =
2πβω2

3cV

∫
∞

−∞

dt 〈δM(t)·δM(0)〉 exp(iωt) (1)

where β = 1/kT , T is the temperature, c is the speed of light

in vacuum, V is the volume. The angular brackets represent a

statistical average of the time correlation function of the dipole

vector, where δM(t) = M(t)− < M > with < M > the time

average of M(t). The calculation in equation 1 is done in the

absence of an applied external field. For the prefactor in equa-

tion 1, we have taken into account an empirical quantum cor-

rection factor (multiplying the classical line shape) of the form

β h̄ω/(1− exp(−β h̄ω)), which was shown by us and others

to give accurate results on calculated IR intensities42–44. For

more detailed discussions on quantum corrections, see for in-

stance refs.45–48.

The main advantages of the molecular dynamics (MD) ap-

proach in equation 1 for the calculation of infrared spectra

(also called ”dynamical spectra” in the remainder of the text)

are discussed in detail in our review49 and are briefly listed as

follows:

- There are no approximations made in equation 1 apart from

the hypothesis of linear response theory, i.e. a small perturba-

tion from the applied external electric field on the absorbing

molecular system. Such condition is always fulfilled in vibra-

tional spectroscopy of interest here. There are no harmonic

approximations made, be they on the potential energy surface

or on the dipole moment, contrary to the usual static calcu-

lations used in the literature. These approximations are not

needed in equation 1.

- As a consequence, vibrational anharmonicities are naturally

taken into account in equation 1: one thus only needs the

knowledge of the time evolution of the dipole moment of the

system in order to calculate an anharmonic IR spectrum. This

is naturally achieved with molecular dynamics simulations. In

fact, the finite temperature dynamics takes place on all acces-

sible parts of the potential energy surface, be they harmonic

or anharmonic. The quality of the potential energy surface is

entirely contained in the ”ab-initio” force field used in the dy-

namics, calculated at the DFT/BLYP+dispersion level in the

work presented here. The good to excellent agreements of the

absolute (and relative) positions of the different active bands

obtained in our theoretical works (see for instance dynamical

spectra in the gas phase50–54, in the liquid phase42,55–58, and

at solid-liquid and liquid-air interfaces59–61) is a demonstra-

tion that this level of theory is correct.

- Crucial to the present discussion, the calculation of IR spec-

tra with MD is related only to the time-dependent dipole mo-

ment of the molecular system, neither requiring any harmonic

expansion of the transition dipole moment nor the knowledge

of normal modes, in contrast to harmonic calculations. There-

fore, if the dipole moments and their fluctuations are accu-

rately calculated along the trajectory, the resulting IR spec-

trum should be reliable. The vibrations therefore do not di-

rectly rely on the curvature of the potential energy surface at

the minima on the PES (i.e. normal modes and derivatives us-

ing these normal modes used in static DFT calculations) but

rather on the time evolution of the electric dipole moment of

3
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2.2 Theoretical details 2 METHODS

the molecular system, which is governed by the conforma-

tional dynamics at the finite temperature of the simulation.

As a consequence, dynamical anharmonic spectra from equa-

tion 1 and harmonic spectra rely on strictly different proper-

ties, and presumably require different levels of accuracy for

the evaluation of these properties.

- Equation 1 gives the whole infrared spectrum of a molecu-

lar system in one single calculation, i.e. the band positions,

the band intensities and the band shapes, through the Fourier

transform of a time correlation function. There are no approx-

imations applied, in particular the shape and broadening of

the vibrational bands result from the underlying dynamics and

mode-couplings of the system at a given temperature.

No scaling factors of any kind are applied to the vibrations

extracted from the dynamics. The sampling of vibrational

anharmonicities, i.e. potential energy surface, dipole anhar-

monicities, mode couplings, anharmonic modes, is included in

our simulations, by construction, and the application of a scal-

ing factor to the band positions is therefore unnecessary. As

reviewed in previous papers , excellent agreements between

dynamical spectra and IR-MPD, IR-PD and IR-UV ion dip ex-

periments have been achieved. Any remaining discrepancies

between dynamical and experiment spectra should mainly be

due to the choice of the DFT/BLYP+dispersion functional as

DFT-based dynamics are only as good as the functional itself

allows.

The length of the trajectory is related to the vibrational

domain to be sampled. One has to keep in mind that the

time-length has to be commensurate with the investigated vi-

brational motions. Hence, trajectories around 5 ps are just

enough in order to sample stretching motions in the high fre-

quency domain of 3000-4000 cm−1, provided that several tra-

jectories starting from different initial conformations (struc-

ture and/or velocities) are accumulated and averaged for the

final IR dynamical spectrum. In the mid-IR domain, trajec-

tories of at least 10 ps each are needed in order to sample the

slower stretching and bending motions of the 1000-2000 cm−1

domain. In the far-IR below 1000 cm−1 of interest to the

present work, longer trajectories are needed in order to prop-

erly sample the much slower motions typical of that domain,

i.e. torsional motions and possibly opening/closure of struc-

tures, typical of peptide chains. In Figure 1, we have reported

the dynamical IR spectrum of the γ-turn conformer calculated

each 5 ps of trajectory over 20 ps, in the critical 100-400 cm−1

lower frequency part. One can see that a 20 ps trajectory al-

ready allows an excellent convergence of the dynamical IR

spectrum (a 100 cm−1 is sampled 60 times in that time pe-

riod).

An accurate calculation of anharmonic infrared spectra is

one goal to achieve, the assignment of the active bands into

individual atomic displacements or vibrational modes is an-

other one. This issue is essential to the understanding of the

 0  50  100  150  200  250  300  350  400

Frequency / cm
-1

20ps

15ps

10ps

5ps

Fig. 1 Dynamical IR spectrum of the γ-turn conformer in the

100-400 cm−1 domain, calculated each 5 ps over a 20 ps trajectory,

to illustrate the convergence of the spectrum with respect to

time-length.

underlying molecular, structural and dynamical properties. In

molecular dynamics simulations, the interpretation of the in-

frared active bands into individual atomic displacements tradi-

tionally relies on Fourier transforms of time correlation func-

tions based on velocities or on positions49. Because of the in-

trinsic nature of delocalised and coupled modes in the far-IR

spectral range, we have adopted here a strategy of assignments

in terms of Fourier transforms of intramolecular coordinates

(IC) time correlation functions, named ICDOS in the rest of

the paper, following our previous work on far-IR spectra21:

IICDOS (ω) =
∫

∞

−∞

〈IC(t)·IC(0)〉 exp(iωt) dt. (2)

Figure 2 provides a scheme of the PhePro molecule together

with the labelling of atoms and definitions of dihedral angles

discussed below. As the spectral domain < 1000 cm−1 is re-

lated to large amplitude motions, we have chosen intramolec-

ular coordinates such as dihedral angles (from the backbone,

see φ , ψ and ω in Fig. 2 and table SI-2, from the side chain

that carries the Phenyl ring, see χ1 and χ2 in Fig. 2), out-of-

plane (wagging) motions of H atoms that belong to the Phenyl

ring or to the Proline residue (labelled Dihedral-Ring-Hx,y,z

and Dihedral-Pro-H1,2,3 in Fig 5. We have also calculated the

vibrational signature of two coordinates directly related to the

C10/C7 hydrogen bond motion, the H-Bond stretching defined

as the NH2 · · ·O=C distance, and the dihedral angle Hbond-N-

C-C where Hbond is the NH2 atom hydrogen bonded to the

C=O group. We have also calculated the vibrational signature

of the dihedral angle H f ree-N-C-C where H f ree is the free hy-

drogen atom of the NH2 group. The signature of the wagging

motion of the backbone N-H amide group (labelled Dihedral-

HPhe in Fig 5) has also been calculated.

4
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3 RESULTS 3.1 Conformational assignment

Cd

Ce

Cj

Nc

Cb

Ca

O

O

Nf

Cg

Ch

Ni

O

Cm

Ck

C
C

Cj

φPhe

φPro

ψPro

ψPheωPhe

ωPro

χ1

χ2

H3

H2

H1

H

H

HPhe

Hx

Hy

Hz

Cd

Ce

Cj

Nc

Nf

Cg

Ch

Ni

O

Cm

φPhe φPro

ψPro

ψPhe

ωPhe

ωProχ1

χ2

H3

H2

H

H

CbCa

O

Ck

Cj

C
C

HPhe

O
H1

Hz

Hy

Hx

γ−turn β−turn

Fig. 2 Scheme of the PhePro molecule with labelling of atom

names and dihedral angles (φ , ψ , ω and χ) employed in the text for

the assignment of the IR features. The angles are defined as follows,

see scheme 2: φ Phe = (Ce,Cd ,Nc,Cb), ψPhe= (N f ,Ce,Cd ,Nc), ωPhe =

(O,Cb,Nc,HPhe), χ1 = (Nc,Cd ,C j,Ck), χ2 = (Cd ,C j,Ck,Cl), φ Pro =

(Ce,N f ,Cg,Ch), ψPro = (N f ,Cg,Ch,Ni), ωPro = (O,Ce,N f ,Cm).

3 Results

3.1 Conformational assignment

The REMPI spectrum of Ac-Phe-Pro-NH2 is shown in the

supplementary information (Figure SI-1). The spectrum

closely resembles the one previously measured by Mons et.

al.29 We recorded the IR spectra for the major peaks observed

in the spectrum and found two different IR spectra. This sug-

gests that two conformations of Ac-Phe-Pro-NH2 are present

in our molecular beam expansion experiment. Figure 3 shows

the IR spectra for the γ-turn (red line) and β -turn (blue line)

recorded from 1850 down to 100 cm−1 with the UV frequency

fixed at 37435.5 and 37409 cm−1, respectively. Each IR spec-

trum shows intense bands throughout the complete IR region,

and both spectra show many well-resolved features down to

the far-IR region where we observed narrow peaks with a

FWHM of about 3 cm−1, limited by the bandwidth of the free

electron laser.

The mid-IR region is commonly used to identify peptide

structure(s). Here, the Amide I region of the γ-turn conformer

is composed of three clear peaks between 1780-1610 cm−1,

originating from the three backbone C=O stretch modes. In

contrast, only two peaks are observed for the β -turn pep-

tide. Here, the three C=O stretching modes lie too close to

each other to be resolved. The three C=O stretch frequencies

are calculated to differ by around 22 cm−1. Considering a

FWHM of 1-2% for the FELIX IR source, it is not surpris-

ing that these absorption bands are not fully resolved. The

medium intense band observed at about at 1580 cm−1 (γ-

turn) and 1600 cm−1 (β -turn) results from the NH2 scissor

vibration.

The experimental spectrum in red in Figure 3 is readily as-

signed to the gamma-turn (β -γL) conformation of PhePro with

the phenyl group in the ”a orientation”. Here, the ”β” does

refer to a C5 interaction which are responsible for the forma-

tion of β -sheets in protein structures. This is the lowest en-

ergy structure found in our conformational search and it has

the best match in the 1000-1850 cm−1 region, see Figure SI-

2. Mons et al. have also assigned the ”a phenyl orientation”

to the structure based on the Franck-Condon patterns in the

REMPI spectrum29.

For the spectrum shown in blue in Figure 3, the assignment

is not that straightforward. This spectrum was previously as-

signed to a type VIa β -turn conformation with a cis confor-

mation of the Phe-Pro peptide bond by Mons et al.29. The

”VIa” is used to classify different types of β -turn conforma-

tions. This is also our conclusion from the present work. How-

ever, the orientation of the phenyl ring was not discussed in de-

tail in that paper. We therefore performed geometry optimiza-

tions of the three different a, g+ and g- possible orientations

of the phenyl group in the β -turn geometry, and we calcu-

lated the associated harmonic IR spectra for the mid-IR region

(1000-1800 cm−1, with the B3LYP functional) and for the 3

µm region (2000-4000 cm−1, with the B97-D functional), in-

cluding mode dependent scaling factors62. We also performed

BOMD simulations (with the BLYP+D3 functional) in order

to get the anharmonic far-IR spectra of these three phenyl ori-

Fig. 3 Recorded IR absorption spectra for the γ-turn (top) and

β -turn (bottom) in the range 100 cm−1 - 1850 cm−1 region. The

optimized structures of the assigned structures are shown as well.
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3.2 BOMD spectra 3 RESULTS

Fig. 4 Comparison between the dynamical BOMD spectra in red and experimental spectra in black in the 100-400 cm−1 domain. The

position of the H-bond stretching vibration is indicated as well. Comparison between the dynamical BOMD spectra in red and experimental

spectra in black in the 400-800 cm−1 domain. In the experimental spectra various regions are indicated where the assignment between the two

conformations is very similar.

entations in the β -turn geometry of PhePro, see Figure SI-3.

The goal is to assign one of these orientations to the experi-

mental spectra. Note that the energies of the a, g+ and g- ori-

entation of the phenyl group in the β -turn optimized structures

are 1.22 kcal.mol−1, 3.85 kcal.mol−1 and 3.79 kcal.mol−1 re-

spectively, using the B97-D/6-311G+(d,p) level of theory (the

0 kcal.mol−1 is assigned to a γ-turn structure).

These calculations clearly show that the phenyl group is in

its ”a orientation”, see Figure SI-3, Figure SI-4 and Table SI-1.

For discarding the ”g+ orientation”, the most convincing evi-

dence is found in the 3 µm range. As Table SI-1 shows, in this

orientation the NH backbone group of Phe interacts with the

phenyl ring, causing a strong red shift for the NH stretch vibra-

tion. This shift is not observed in the experimental spectrum.

The ”g- orientation” can be excluded due to the far too intense

absorption peaks in the far-IR at 408 cm−1 predicted by the

BOMD simulations (Figure SI-3). The ”a orientation” also re-

produces the peak patterns in the 1000-1400 cm−1 range (Fig-

ure SI-4).

The assigned γ- and β -turn structures with the “a-

orientation” of the phenyl group have been further investigated

in our BOMD simulations.

3.2 BOMD spectra

Figure 4 presents the experimental and theoretical IR spectra

of the γ-turn (top) and β -turn (bottom) conformers of PhePro

in the 100-400 cm−1 region and 400-800 cm−1 region respec-

tively. Note that the absorption intensity is lower below 400

cm−1 and the scales in Figure 4 are adjusted accordingly.

We remind that the dynamical theoretical spectra have not

been adjusted in any way (neither band positions, nor band-

widths and shapes). The first observation is that theory and

experiment bear remarkable agreement. The theoretical spec-

tra display a number of peaks, positions, band-shapes and in-

tensities that are indeed in good to excellent agreement with

the experiments in this anharmonic far-IR frequency range. A

few theoretical bands are however too broad in comparison to

the experiments and there are also a few bands that either lack

intensity or on the contrary carry too much intensity in the

theoretical spectra. We will come back to these issues in the

discussion. The agreement between experiment and theory is

especially remarkable for the γ-turn conformer. The theoreti-

cal spectrum of the β -turn shows deficiencies with respect to

the experiment, mainly in the higher energy region, that are

not observed in the theoretical spectrum of the γ-turn.

One can also observe from the experiments and calculations

that the β -turn and γ-turn conformers have different signatures

in the 100-800 cm−1 domain, thus this region certainly allows

us to distinguish both conformers from their IR spectra alone

in the far-IR range.

Figure 5 report band assignments of the dynamical IR spec-

tra following the method described in section 2. These assign-

ments are discussed hereafter.

From the experimental and theoretical spectra, one can ob-

serve that the 550-800 cm−1 IR spectral region does not ap-

pear to be very much conformer selective, as the number of

peaks and their positions are very similar between the β - and

γ-turn conformers. Making a one-to-one comparison of the

position of the peaks between the two conformers in this re-

gion, the maximum band-shift that can be observed is roughly

16 cm−1, with an average difference in the peak positions be-
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3 RESULTS 3.2 BOMD spectra
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Frequency / cm
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Theo. IR Gamma

Streching-Hbond

Dihedral-Hbond-N-C-C

Dihedral-Hfree-N-C-C

ΦPhe

ψPhe

ωPhe

χ1

χ2

ΦPro

ψPro

ωPro

 350  400  450  500  550  600  650  700  750  800  850

Frequency / cm
-1

Exp. Gamma

Theo. IR Gamma

Streching-HBond

Dihedral-Hbond-N-C-C

Dihedral-Hfree-N-C-C

Dihedral-HPhe

Dihedral-Ring-Hx

Dihedral-Ring-Hy

Dihedral-Ring-Hz

Dihedral-Pro-H1

Dihedral-Pro-H2

Dihedral-Pro-H3

 100  150  200  250  300  350  400

Frequency / cm
-1

Exp. Beta

Theo. IR Beta

Streching-Hbond

Dihedral-Hbond-N-C-C

Dihedral-Hfree-N-C-C

ΦPhe

ψPhe

ωPhe

χ1

χ2

ΦPro

ψPro

ωPro

 350  400  450  500  550  600  650  700  750  800  850

Frequency / cm
-1

Exp. Beta

Theo. IR Beta

Streching-HBond

Dihedral-Hbond-N-C-C

Dihedral-Hfree-N-C-C

Dihedral-HPhe

Dihedral-Ring-Hx

Dihedral-Ring-Hy

Dihedral-Ring-Hz

Dihedral-Pro-H1

Dihedral-Pro-H2

Dihedral-Pro-H3

Fig. 5 Decomposition of the vibrational bands of γ-turn conformer (top) and β -turn conformer (bottom) of PhePro in terms of delocalised

motions, using ICDOS, the chosen IC are dihedral motions, C7 H-Bond motion and NH2 free H atom dihedral motion. Dihedrals φ , ψ , ω and

χ are defined in fig 2. See also eq 2 for the definition of ICDOS.

tween the two conformers of ∼7 cm−1.

That this domain does not appear conformer selective can

be very well understood by the bands assignments, as we find

that the 550-800 cm−1 bands predominantly arise from out-

of-plane wagging motions of H atoms, for both β - and γ-turn

conformers of PhePro. These waggings are either due to H

atoms that belong to the phenyl ring or H atoms belonging to

the proline ring residue. As can be seen in the 3D structures

in Figure 3, the two conformers display very similar environ-

ments around the Pro and Phe rings, so that one would indeed

expect very similar signatures of the H waggings on these two

rings, whether they belong to the β - or γ-turn conformers.

The 700-800 cm−1 domain is hence composed of a mixing

of out-of-plane wagging motions of H atoms that belong to the

phenyl ring and of H atoms that belong to the Pro ring. The

band located at 700 cm−1 is on the contrary predominantly

arising from the out-of-plane waggings of H atoms that belong

to the phenyl ring. One can see that the signatures arising at

705, 738 and 765 cm −1 for the γ turn (702, 717 and 748 cm
−1 for the β turn) from H atoms that belong to the phenyl

ring were also present in our previous work about PheAla and

PheGly systems21. These features seem to be specific to the

aromatic ring. The peaks located at 648 cm−1 for the γ-turn

and 641 and 653 cm−1 for the β -turn are due to out-of-plane

wagging motions of H atoms of the proline residue.

The C10 (β -turn) and C7 (γ-turn) hydrogen bond signature

seen through the torsional motion of the H-Bonded hydrogen

atom of NH2 (signature of Hbond-N-C-C in fig. 5) is also ap-

pearing in this region. It explains the 633 cm−1 peak for the

γ-turn while this H-Bond signature overlaps with the out-of-

plane wagging motions of H atoms of the proline residue for

the β -turn conformer. The two thin peaks at 563 and 578 cm−1

for the γ-turn conformer and the broader peaks at 569 and

591 cm−1 for the β -turn are also due to the out-of-plane wag-

ging motions of H atoms of the proline residue. The participa-

tion of the C10 H-Bond is also appearing in these bands for the
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3.2 BOMD spectra 3 RESULTS

β -turn conformer. One peak of the doublet lacks intensity in

the dynamical spectrum of the γ- turn conformer, while both

peak intensities of the β - turn conformer are underestimated

in the dynamical spectrum.

The 400-550 cm−1 spectral domain appears conformer se-

lective, providing distinct signatures for the β - and γ-turns,

as will be discussed below, although the general spectral fea-

tures in this domain are similar between the two conformers.

Both conformers hence give rise to a triplet between ∼490-

540 cm−1 and to a doublet between ∼400-470 cm−1. Note

that only the higher frequency band of the triplet (518 cm−1

for the γ-turn, 537 cm−1 for the β -turn) shows a substantial

19 cm−1 upshift when comparing the spectra of the two con-

formers. On the contrary, the doublet peaks are substantially

shifted in position between the two conformers, with the two

signatures being upshifted by +38 and +29 cm−1 for the β
conformer with respect to the γ conformer. It is also interest-

ing to note that all peaks (triplet and doublet) in this domain

are substantially more intense in the spectrum of the γ-turn

conformer.

For the γ-turn, only a single intense peak is predicted in

place of the experimental triplet, although much lower inten-

sity peaks can be seen in the tail of the intense peak, while

the triplet is correctly predicted for the β -turn. The doublet of

the β -turn from the dynamical spectrum is blue-shifted from

experiment. Interestingly, the subtle details of the γ-turn dou-

blet are well predicted in the dynamical spectrum, up to the

475 cm−1 tail peak. We find that the triplet and doublet fea-

tures are due to N-H torsional/out-of-plane motions, whether

N-H belongs to the NH2 function (free and H-bonded N-H

signatures in this domain) or to the amide backbone N-H. The

triplet in the γ-turn arises from a combination of all N-H sig-

natures, merging into one single peak in the BOMD spectrum,

contrary to the experiment. The triplet in the β -turn is on the

contrary solely due to the free N-H group of the NH2 terminus

of the peptide. For both β - and γ-turn, the doublet clearly re-

flects the signature of the free N-H of the NH2 function, while

this signature is also overlapping with the N-H· · ·O H-Bond

signature for the β -turn conformer.

The doublet is thus directly (β -turn) / indirectly (γ-turn) re-

lated to the C10/C7 hydrogen bond. It is clear from Figure 6

where the evolution with time of the H· · ·O H-Bond of the C10

β -turn (blue line) and of the C7 γ-turn (red line) conformers

is reported, that the average H-Bond length and the fluctua-

tions around the average differ between the two conformers

(same temperature for the two trajectories). While this H-

Bond is 2.01±0.08 Å on average for the γ-turn conformer, it

is 1.95±0.09 Å, on average for the β -turn conformer (see Ta-

ble SI-2). This shows how the C10 ring of the β -turn is more

tightly H-Bonded than the C7 ring of the γ-turn. This differ-

ence directly reflects the strength of the hydrogen bond, with

the C7 γ-turn H-Bond being weaker. With this strength differ-

ence in mind, one is therefore not surprised that the signature

of the C7 H-Bond in the γ-turn conformer appears at lower

frequencies, and that the C10 has a more direct signature in

the doublet assignment than the C7. Experiments and dynam-

ical spectra show that the C10 H-Bond signature is up-shifted

from the C7 signature, roughly by ∼30-40 cm−1, providing a

distinct signature of the γ- versus β -turn for the PhePro pep-

tide.

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 0  5  10  15  20

L
e
n
g
th

 /
 ¯

Time / ps

Gamma turn - a phenyl orientation

Beta turn - a phenyl orientation

Fig. 6 Evolution with time of the length of the H· · ·O H-Bond in the

C10 β -turn (blue line) and in the C7 γ-turn (red line). This is plotted

over 20 ps of the trajectories.

One more comment about the weaker C7 H-Bond (γ-turn)

with respect to the C10 one (β -turn). It is well-known

that GGA functionals such as BLYP underestimate H-Bond

strengths, which consequently might allow too large ampli-

tude motions of the hydrogen atoms involved in the hydro-

gen bond. This subsequently might lead to too large as-

sociated vibrational bands, which is indeed observed in the

450-480 cm−1 doublet in the dynamical spectrum of the β -

conformer. These two bands also have lower intensities in the

experimental spectra, showing that our representation presum-

ably overestimates the H-Bond motions in the β -turn C10 in-

teraction. This is also observed for the C7 interaction of the

γ-turn, but to a lower extent.

To understand the spectral domain below 400 cm−1, we

have used the ICDOS vibrational signatures (Internal Coordi-

nates Density Of States) of backbone torsional motions, of the

hydrogen bond and of the out-of-plane motion of H atoms that

belong to the NH2 functional group. This is shown in Figure

5. First of all, out-of-plane motion of the hydrogen atoms that

belong to NH2 function do not seem to be relevant to explain

the low-frequency vibrational features below 350 cm−1 since

they do not show clear activity in this region. Only the peak

at 378 cm−1 for the γ-turn is explained by the out-of-plane

motion of the free hydrogen atom of the NH2 function. Sec-
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4 CONCLUSIONS AND OUTLOOK

ondly, as the C7/C10 hydrogen bond leads to the folding of the

peptide, we expect that both backbone motions and hydrogen

bond motions are strongly coupled. This is indeed observed

for the two conformers, as the hydrogen bond streching signa-

ture and dihedral backbone motion signatures share common

features in the ICDOS spectra.

The spectra for the β - and γ-turns do not appear to be

strongly conformer selective in the 240-400 cm−1 range.

There are 7 peaks in common between the two spectra, de-

viating in position by only 2-14 cm−1. Despite these simi-

larities in the IR signatures, the assignments of the bands are

surprisingly rather different. Although the intrinsic nature of

the motions is similar, namely backbone motions, the cou-

pling between these motions is different due to the two differ-

ent backbone 3D folded structures in the γ- and β -turns. For

instance, the 306/308 cm−1 peak, respectively for the γ- and

β -turn, does not arise from the same motion. The former is re-

lated to the ΦPro torsional motion, while the latter comes from

ΦPhe torsion. Also, the two peaks located at 378 cm−1 for the

γ-turn and 386 cm−1 for the β -turn are explained by differ-

ent motions: out-of-plane motion of the NH2 free hydrogen

atom for the γ-turn, and coupled ωPro and ΨPhe motions for

the β -turn. Of special interest are the two peaks (experiments

and dynamical spectra) recorded in the 250-300 cm−1 domain,

that carry γ- versus β -turn selectivity. They respectively differ

by +17 and +14 cm−1 (from lower to higher frequency), go-

ing from γ- to β -conformer spectra: these two peaks are due

to the amide peptide backbone motions namely ΦPro (lower

frequency) and ΦPhe (higher frequency). These backbone mo-

tions are direct probes of the C7/C10 folding of PhePro, thus

providing conformer specific spectral signatures.

Although the H-bond strength is clearly reflected by the

peak position for the γ- and β -turn conformers, the band pat-

tern for the C7/C10 H-bond is very similar below 200 cm−1.

The H-bond signatures dominate the spectral assignments to-

gether with couplings to backbone torsions which are directly

involved in the H-Bond motions. There are four dominant

bands related to this H-Bond motion in the far-IR part of the

spectra, respectively located at 115 cm−1, 140 cm−1, 163

cm−1 and 174 cm−1 in the BOMD spectrum of the γ-turn

and 111 cm−1, 143 cm−1, 148 cm−1 and 175 cm−1 for the

β -turn.

4 Conclusions and outlook

In this work, far-IR spectroscopy is shown to be a relevant

tool for the characterization of peptide structures, since the

observed far-IR features are a direct result from peptide back-

bone motions and hydrogen bond vibrations, and thereby di-

rectly reflect the secondary structure of peptides. The rela-

tionship between the delocalized backbone motions and the

functional flexibility/rigidity of peptides and proteins can thus

be probed with this approach.

The experimental spectra reported here for two conformers

of the Ac-Phe-Pro-NH2 peptide, show very well-defined and

well-resolved peaks from 800 down to 120 cm−1. To fully ex-

ploit the far-IR region and to retrieve the structural information

hidden in this region, reliable calculations are key. The pre-

sented combination of conformation selective far-IR/UV dou-

ble resonance spectroscopy with Born Oppenheimer Molecu-

lar Dynamics simulations brings this synergy.

The present work is a follow-up on our previous initial

demonstration21 that such synergy was indeed able to differ-

entiate the axial and equatorial forms of the γ-turn interac-

tion in Ac-Phe-Gly-NH2, which was not possible with mid-IR

spectroscopy and harmonic DFT calculations22,23. Here, we

have investigated two different turns in the conformation of

Ac-Phe-Pro-NH2, i.e. γ- (C7 H-Bond interaction) and β -turns

(C10 H-Bond interaction), and have highlighted their specific

far-IR signatures.

Clearly, the BOMD dynamical spectrum of the γ-turn con-

formation of Ac-Phe-Pro-NH2 provides a better agreement

with the experiment than the dynamical spectrum of the β -

turn. This is especially true below 350 cm−1 where the H-

Bond signatures are present. One reason might be the use

of the GGA/BLYP functional (although augmented here by

D3 van der Waals interactions), known to underestimate the

strength of H-Bonds, and thus allowing too large amplitude

motions of the hydrogen atoms involved in H-Bonds. One has

also to keep in mind that nuclei quantum effects, especially of

relevance to hydrogen atom motions, have not been taken into

account in the present simulations. Such effects might help re-

duce some of the band-breadths, observed for H-Bonded mo-

tions of the β -turn conformer.

One main purpose of the combined experiment/BOMD

spectra simulations was to provide conformer selective IR sig-

natures of the γ- versus β -turns in the far-IR region. We have

shown that the 400-550 cm−1 domain indeed provides such

a distinction between the two conformers. This domain is

predominantly due to N-H motions, indirectly probing the N-

H· · ·O H-bond motion. We have shown that there is a 29-

38 cm−1 downshift in the positions of the associated bands for

the weaker C7 interaction in the γ-turn conformer with respect

to the C10 interaction in the β -turn.

The 800-550 cm−1 spectral domain was shown not to be

conformer selective as bands in both conformers have very

similar positions and same assignments from out-of-plane H

atoms motions of the Phenyl ring and Pro residue, not sen-

sitive to the γ/β turns. Also the backbone torsional do-

main in the 250-400 cm−1 does not provide too much con-

former selectivity. Only the 250-300 cm−1 peaks carry γ- ver-

sus β -turn selectivity, as they respectively differ by +17 and

+14 cm−1 (from lower to higher frequency) from the γ- to

the β -conformer. These two signatures are due to the amide

9

Page 9 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



REFERENCES REFERENCES

peptide backbone motions, namely ΦPro (lower frequency)

and ΦPhe (higher frequency), which are direct probes of the

C7/C10 folding of PhePro. The supplementary H-Bond sig-

natures below 350 cm−1 have been shown to be of limited use

for conformer selectivity.

Comparing the results of the γ-turn conformer of Phe-

Pro presented here with our previously published results on

PheGly and PheAla γ-turns21, one worth comment concerns

the H-bond length and its signature within the three systems.

This H-Bond length is substantially shorter in PhePro (2.01 Å

for the γ-turn and 1.95 Å for the β -turn) than in PheGly (2.14

Å) and PheAla (2.12 Å). As a result, this leads to higher fre-

quencies associated with the H-bond stretching vibration for

PhePro (140-150 cm−1 domain) than for PheGly and PheAla

(∼130 cm−1 domain). Probably due to the stronger H-bond

strength, the H-bond stretching vibration then couples more

strongly to backbone torsional vibrations, as can be seen from

the hydrogen bond stretching activity at higher frequencies

(e.g. 380 cm−1) in the γ-turn of PhePro. In PheGly and

PheAla, those bands were not observed.
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